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Structure of the
NMDA Receptor Channel M2 Segment Inferred from
the Accessibility of Substituted Cysteines
Thomas Kuner,*† Lonnie P. Wollmuth,‡ Arthur Karlin,§ the asparagine occupying this position may be exposed
to the lumen of the channel. Recent work revealed thatPeter H. Seeburg,*† and Bert Sakmann‡
*Zentrum fu¨r Molekulare Biologie the N-site of the NR1 subunit and the N11 site of the
NR2A subunit (Wollmuth et al., 1996) contribute to theder Universita¨t Heidelberg (ZMBH)
Im Neuenheimer Feld 282 narrow constriction of the channel, which is also called
selectivity filter (Hille, 1992). Although originally M2 was69120 Heidelberg
Federal Republic of Germany thought to be a membrane-spanning segment, recent
evidence supports a model of ionotropic glutamate re-†Abteilung Molekulare Neurobiologie
‡Abteilung Zellphysiologie ceptors with the M2 segment forming a reentrant loop
and M1, M3, and M4 spanning the membrane (HollmannMax-Planck Institut fu¨r Medizinische Forschung
Jahnstrasse 29 et al., 1994; Wo and Oswald, 1994; Bennett and Dingle-
69120 Heidelberg dine, 1995; Wood et al., 1995). However, it has not been
Federal Republic of Germany delineated to which extent the M2 segment contributes
§College of Physicians and Surgeons to the formation of the channel and which of its amino
Center for Molecular Recognition acid residues are exposed to the lumen.
Departments of Biochemistry, Physiology, In this study, we identify the channel-lining residues
and Neurology of theM2 segment using the substituted cysteine acces-
Columbia University sibility method (SCAM) (Akabas et al., 1992, 1994). Con-
New York, New York 10032 secutive amino acid positions of the M2 segment were
individually mutated to cysteine. Then mutant channels
were probed from the extracellular and the cytoplasmic
sides of the membrane with two differently sized meth-Summary
anethiosulfonate (MTS) derivatives, MTS-ethylammo-
nium (MTSEA) and the larger MTS-ethyltrimethylammo-The structure of the NMDA receptor channel M2 seg-
nium (MTSET). These reagents can covalently link theirment was investigated by probing the extracellular and
positively charged -S-CH2-CH2-NH31 or -S-CH2-CH2-cytoplasmic faces of cysteine-substituted NR1–NR2C
N(CH3)31 groups to the sulfhydryl groups of cysteineschannels with charged sulfhydryl-specific reagents.
exposed to the water-accessible surface of the channel.The pattern of accessible positions suggests that the
We assume that such covalent modifications of a cyste-M2 segment forms a channel-lining loop originating
ine positioned in a narrow region of the channel wouldand ending on the cytoplasmic side of the channel,
irreversibly alter current flow. The accessibility of substi-with the ascending limb in an a-helical structure and
tuted cysteines to reaction with the MTS reagents wasthe descending limb in an extended structure. A func-
tionally critical asparagine (N-site) is positioned at the assayed as a persistent change of the glutamate-acti-
tip of the loop, and a cluster of hydrophilic residues vated current after exposure to MTS reagents in the
of the descending limb, adjacent to the tip, forms the presence of glutamate.
narrow constriction of the channel. An apparent asym- The accessibility pattern suggests that the M2 seg-
metric positioning of the NR1- and NR2-subunit N-site ment forms a loop that originates and ends at the cyto-
asparagines may account for their unequal role in Ca21 plasmic side of the membrane. The functionally critical
permeability and Mg21 block. N-site is positioned at the tip of the loop, at (NR1 subunit)
or adjacent (NR2 subunit) to the narrow constriction.
The periodicity of exposed residues is compatible withIntroduction
an a-helical secondary structure of the main part of M2
and an extended structure of its C-terminal part. TheFunctional properties of the N-methyl-D-aspartate re-
M2 segments of the NR1 and NR2 subunits have similarceptor (NMDAR) channel strongly depend on perme-
overall structures, but several homologous positionsation and block by Ca21 and Mg21. Voltage-dependent
have different accessibilities, indicating a structuralblock by external Mg21 (Mayer et al., 1984; Nowak et
asymmetry between the two subunits. These resultsal., 1984) makes NMDAR channel activation sensitive to
were presented in preliminary form (Kuner et al., 1994,coincident pre- and postsynaptic activity (Collingridge
1995, Soc. Neurosci., abstracts).and Singer, 1990; Bliss and Collingridge, 1993), and the
high conductance for Ca21 (MacDermott et al., 1986;
Burnashev et al., 1995) evokes a cytoplasmic signal that
Resultscan elicit long-lasting changes in synaptic efficacy (Ma-
lenka et al., 1988; Perkel et al., 1993; Nicoll and Malenka,
Cysteine-Substitution Mutants of the M2 Segment1995). Structural determinants for these properties are
Form Functional NMDAR Channelsasparagines (N-sites) (Burnashev et al., 1992) in the M2
A stretch of 32 consecutive residues of the NR1 subunitsegment of the NR1 (Moriyoshi et al., 1991) and NR2
(E580–A611), including the entire M2 segment, and 18subunits (Kutsuwada et al., 1992; Monyer et al., 1992;
consecutive residues of the NR2C subunit (W585–R602),Ishii et al., 1993). Effects on ion permeation caused by
mutations at the N-site of both subunits suggested that covering the C-terminal part of the M2 segment, were
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Effects of MTS Reagents on Wild-Type
NR1–NR2C9 Channels
Figure 2A shows the effect of extracellular MTSEA appli-
cation on currents mediated by NR1–NR2C9 channels.
Repetitive application of glutamate in the presence of
glycine evoked stable inward currents. After establish-
ing the baseline current amplitude, MTSEA was applied
for 120 s in the presence of glutamate and glycine. After
washout of MTSEA, the currents recovered to their base-
line amplitude. The effects of cytoplasmic MTSEA appli-
cation on currents mediated by NR1–NR2C9 channels
is illustrated in Figure 2B. Voltage ramps were applied
repetitively, and current amplitudes at 1100 mV were
plotted as a function of time (Figure 2C). Currents medi-
ated by NR1–NR2C9 channels were outwardly rectifying
in symmetrical K1 solution. Cytoplasmic application of
MTSEA reduced the outward current in a voltage-depen-Figure 1. Cysteine Substitutions of theM2 Segment in NMDAR Sub-
dent manner; however, after removal of MTSEA, cur-units
rents recovered to their baseline amplitude. ExtracellularSchematic representation of the NR1 and NR2C subunits (thick
black lines). Boxes indicate the hydrophobic segments M1 to M4. MTSET application produced a slightly weaker revers-
The region comprising M2 and part of M3 is shown enlarged in the ible block than MTSEA, and cytoplasmic application of
middle part of the figure. Shaded boxes denote the M2 and M3 MTSET caused no current reduction over the voltage
segments with the N-sites printed in boldface. Amino acids are
range tested (data not shown). Hence, the MTS reagentsshown in the one letter code. We used three digit numbers to denote
can be applied to both faces of NR1–NR2C9 channelsthe position in the mature protein and define cysteine-substituted
without persistently changing the glutamate-evokedpositions. Alternatively, amino acid positions are expressed relative
to the N-site, which is defined as position 0. Variants of the NR2C current.
subunit were used (see Experimental Procedures). The NR2CM1 sub- The permeability of NR1–NR2C9 channels for MTSEA
unit (bottom) has a truncated C-terminus,and the native M1 segment was determined in biionic conditions with 100 mM
(open box) is replaced by the M1 segment of NR2A.
MTSEA on theextracellular side of NR1–NR2C9 channels
expressed in HEK 293 cells (data not shown). Inward
currents could not be detected at potentials up to 2120
individually mutated to cysteine (Figure 1). To simplify mV. Hence, the permeability of the protonated form of
the description, we denote mutant positions relative to MTSEA is below the limit of detection. Some fraction of
the N-site, defined as position 0. Positions N-terminal MTSEA, however, will be unprotonated and uncharged,
of the N-site have a negative sign, whereas C-terminal and could permeate (see Discussion). MTSET, which is
positions carry a positive sign (Figure 1). Different ver- permanently charged, is likely to be impermeant be-
sions of the NR2C subunit were used (Figure 1; see cause it is larger than both MTSEA and the impermeant
Experimental Procedures). These variants yielded iden- tetramethylammonium (Villarroel et al., 1995). Thus, we
tical results in all cases tested and thus are collectively can useMTSET and, with more caution,MTSEA to deter-
denoted as NR2C9. mine the location of a substituted cysteine relative to
Heteromeric NR1–NR2C9 channels containing one the narrow constriction of the open channel.
mutant subunit were expressed in Xenopus oocytes.
Of the 50 cysteine-substitution mutants, 47 generated Effects of MTSEA on Cysteine-Substitution
whole-cell currents comparable in amplitude with wild Mutants: Two Representative Examples
type. Mutant channels containing NR1(F27C), NR1 Extracellular MTSEA application strongly reduced the
(S26C), and NR1(P18C) yielded whole-cell currents glutamate-evoked current of NR1(G12C)–NR2C9 and
smaller than 0.5 mA at 250 mV. Block by external Mg21 NR1–NR2C9(N0C) channels (Figures 3A and 3B, respec-
was close to wild type in all mutant channels but was tively). Upon washout of MTSEA, the current amplitude
reduced in channels containing NR1(S26C), NR1 showed a small recovery but reached steady-state
(G24C), NR2C9(W28C), NR2C9(F21C), NR2C9(N0C), within 20 min and remained at this level even after 60
and NR2C9(N11C) (data not shown). In nominally Mg21- min of washout, indicating a persistenceof block. During
free solution, mutant and wild-type channels showed application of MTSEA to the cytoplasmic side of
an almost linear current–voltage (I–V) relation in the NR1(G12C)–NR2C9 channels, the current was blocked
range from 2100 to 120 mV and a weak reduction of rapidly and almost completely and it remained blocked
the current by external Ca21. An exception, however, after MTSEA was washed out (Figure 3C). In NR1–
was NR1(N0C)-containing channels, which were doubly NR2C9(N0C) channels, the current was blocked more
rectifying and more strongly blocked by Ca21. Hence, slowly, and, after a slight recovery with washout of the
based on whole-cell current amplitudes, Mg21 block, I–V reagent, the block persisted (Figure 3D). In long-term
relation, and Ca21 block, we assume that the overall patch recordings (up to 40 min), recovery could not be
structure of most mutant channels and, in particular, the detected. The persistence of block suggests that the
structure of the M2 segment, is similar to those of wild- substituted cysteines were covalently modified by the
MTS reagents.type channels.
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Figure 2. Reversible Block of Wild-Type NMDAR Channels by MTSEA
(A) Whole-cell current record from oocytes expressing NR1–NR2C channels. Current responses were elicited by glutamate application (thin
lines) at 250 mV. MTSEA (2 mM) was applied for 120 s (thick line) in the continued presence of glutamate. A slight drift of the baseline was
observed in most of the recordings (see Experimental Procedures).
(B) I–V relations recorded in giant inside–out patches excised from oocytes expressing NR1–NR2CM1 channels. Glutamate and glycine were
present in the pipette, and voltage was changed ramp wise from 2110 mV to 110 mV (see Experimental Procedures). Currents were recorded
prior to (a), during (b), and after (c) removal of MTSEA.
(C) Current amplitudes at 1100 mV (arrow in [B]) plotted against time. MTSEA was applied for 60 s (thick line). Note the different time scale
as compared with the experiment shown in (A).
Positions Accessible from the Extracellular accessible to both MTSEA and MTSET, whereas posi-
tions in the C-terminal vicinity of the N-site were accessi-Entrance of the Channel
Effects of extracellular application of MTS reagents on ble to the smaller MTSEA only.
NR1- and NR2C9-subunit mutants are shown in Figure
4 and Figure 5, respectively (top). In the NR1 subunit, Positions Accessible from the Cytoplasmic
Entrance of the Channelextracellular application of MTSEA resulted in persistent
reduction of the current in mutants N0C, G12C, and For both subunits, a larger number of accessible posi-
tions was found when mutant channels were probedI13C. None of the mutants was inhibited after applica-
tion of MTSET, but, surprisingly, NR1(N0C)-containing from the cytoplasmic side of the membrane (see Figures
4 and 5, bottom). In both subunits, mutant channels withchannels were persistently potentiated (see below; Fig-
ure 6). Of the NR2C9-subunit mutants, N0C, N11C, a cysteine at the N-site were persistently blocked by
MTSEA but not by the larger MTSET. In the NR1 subunit,S12C, and P14C were persistently inhibited after appli-
cation of MTSEA. Only channels containing NR2C9(N0C) three consecutive positions on the C-terminal side of the
N-site were blocked after application of either MTSEA orwere persistently inhibited by MTSET. In summary, from
the extracellular entrance of the channel, the N-site was MTSET: G12C, I13C, and G14C. On the N-terminalside
Figure 3. Persistent Effect of MTSEA on Glu-
tamate-Activated Currents in Oocytes Ex-
pressing Cysteine-Substitution Mutants
(A) and (B) Persistent inhibition of inward cur-
rents after extracellular application of MTSEA
(thick line) to channels containing mutant
subunits NR1(G12C) (A) or NR2(N0C) (B).
Current responses were elicited by glutamate
(thin lines) at 250 mV. After a slight recovery
upon washout of MTSEA, the current reached
steady-state within 20 min (e.g., NR1–
NR2C(N0C) channels were inhibited by
[mean 6 SD] 81% 6 5%, 73% 6 9%, 68% 6
14%, and 66% 6 9% after 3, 10, 20, and 60
min of washout, respectively. Data averaged
from four individual long-term washout ex-
periments). The initial recovery from block
was not observedwhen lower concentrations
(100 mM–500 mM) of the reagents were ap-
plied (data not shown).
(C) and (D) Persistent inhibition of outward
currents after application of MTSEA to the
cytoplasmic face of NR1(G12C) mutants (C)
and NR2(N0C) mutants (D). Current ampli-
tudes were recorded and displayed as shown
in Figures 2B and 2C.
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Figure 4. Accessibility of Cysteine Mutants
in the NR1 Subunit
Persistent inhibition (black bars) or potentia-
tion (shaded bars) after exposure to MTS
reagents given in percent of the baseline cur-
rent amplitude (see Experimental Proce-
dures). Each bar represents the mean 6 SD
from 3–15 experiments. Bars without SD indi-
cate the result of a single experiment. Acces-
sibility from the extracellular versus the cyto-
plasmic side is indicated by upward versus
downward pointing bars, respectively.
of the N-site, L215C, S212C, W28C, and G24C were larger MTSET, whereas multiple positions flanking the
N-site were accessible to both reagents.blocked after exposure to MTSEA. Only positions
L215C and W28C were blocked by MTSET. There is
evidence, however, that MTSET reacted with S212C A Silent Reaction of MTSET
(see below). In the NR2C9 subunit, on the C-terminal Some positions were blocked persistently after expo-
side of the N-site, positions N11C, S12C, V13C, P14C, sure to MTSEA but not MTSET, suggesting that the
I15C, and N17C were blocked by MTSEA, whereas only larger MTSET was unable to react with the cysteine.
positions S12C, P14C, and N17C were blocked by Alternatively, MTSET could have reacted without affect-
MTSET. On the N-terminal side of the N-site, W28C and ing the current. To rule out such silent reactions, we
L23C were blocked by MTSEA, but only W28C was applied MTSEA subsequent to MTSET. All mutant posi-
blocked by MTSET. tions accessible to external or cytoplasmic MTSEA, but
In summary, the pattern of accessibility to MTSET not MTSET, were persistently blocked by application
applied to the cytoplasmic side was more restricted of MTSEA subsequent to MTSET, indicating that these
than that to MTSEA, similar to what we observed when positions are not accessible to MTSET. The only excep-
probing the channel from the extracellular side. From tion was position NR1(S212C) probed from the cyto-
the cytoplasmic entrance of the channel, the N-site of plasmic face; after exposure to MTSET, MTSEA had no
effect, suggesting that in this mutant MTSET covalentlyboth subunits was accessible to MTSEA but not to the
NMDAR Channel Structure
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21% 6 2% (n 5 4) and 33% 6 5% (n 5 5), respectively.
MTSEA applied to the cytoplasmic face still blocked
both positions, suggesting that the gain of accessibility
probably does not reflect a changed structure of M2.
These observations indicate that residues flanking the
N-site are located on the cytoplasmic side of the selec-
tivity filter of the channel.
Unique Effects on the Substituted Cysteine
at the N-site of the NR1 Subunit
In contrast with all other cysteine substitutions, currents
through NR1(N0C)–NR2C9 channels briefly increased
upon superfusion of MTSEA, before block started to
develop (Figure 6A). Also, application of MTSET did not
block, but rather persistently increased the current (Fig-
ure 6B). This potentiation was unlikely due to a change
in the gating kinetics of the modified channels, because
the apparent affinities for glutamate and glycine were
not different before and after exposure to MTSET (data
not shown). Rather, as shown below, the potentiation
was due to a decrease in Ca21 block of the modified
channels.
Before exposure to MTS reagents, NR1(N0C)–NR2C9
channels have a doubly rectifying I–V relation (Figures
6C and 6D). This rectification is observed in most chan-
nels containing NR1 subunits mutated at the N-site and
is due to block by extracellular Ca21 (L. P. W. and T. K.,
unpublished data). After modification by MTSEA (Figure
6C) and, more surprisingly, potentiation by MTSET (Fig-
ure 6D), I–V relations became more linear and were simi-
lar in shape to that of wild-type channels. To test if this
change was mediated by an alteration of Ca21 block, we
compared currents in the presence of 0.18 mM (Ca21)o
and 1.8 mM (Ca21)o and used the ratio, I0.18/I1.8 at 250
mV, as an index of Ca21 block. For NR1–NR2C9 channels,
the ratio was (mean 6 SEM) 2.5 6 0.2 (n 5 4). Consistent
with an enhanced block by Ca21, the ratio was 4.1 6
0.4 (n 5 4) in NR1(N0C)–NR2C9 mutant channels before
exposure to MTSET, and reduced to 2.2 6 0.2 (n 5 4)
after potentiation of the current. Hence, the change of
the I–V relation from rectifying to linear that underlies
potentiation appears to be caused by a reduction of
Ca21 block after reaction of MTSET with the substitutedFigure 5. Accessibility of Cysteine Mutants in the NR2C Subunit
cysteine.See legend to Figure 4.
Surprisingly, when MTSEA was applied to NR1(N0C)–
NR2C9 in the potentiated state generated by prior expo-
sure to MTSET, MTSEA still inhibited the current asmodified the sulfhydryl groups of the cysteine without
influencing current flow. much as it did when it alone was applied (data not
shown). Since the NR1 subunit appears to be present in
two copies (Behe et al., 1995), it is possible that MTSETIncreasing the Size of the Narrow Constriction:
Residues on the Cytoplasmic Side Gain reacted with only one of two NR1(N0C) subunits and
MTSEA could then react with the second subunit,Accessibility from the Extracellular Side
Positions exposed to the cytoplasmic part of the chan- thereby blocking the channel. The larger MTSET may
not have reacted with two NR1(N0C) subunits owing tonel are apparently prevented by the narrow constriction
from reacting with extracellular MTSEA and MTSET. spatial constraints. Consistent with this interpretation,
MTSET had no effect on channels composed ofThus, increasing the size of the narrow constriction
might render these residues accessible from the extra- NR1(N0C) and NR2C9(N11Q), a NR2-subunit mutant re-
ducing the size of the pore (Wollmuth et al., 1996),cellular entrance. When coexpressed with NR1(N0G), a
mutant that increases pore size substantially (Wollmuth whereas MTSEA still blocked persistently. When MTSEA
was applied only briefly to NR1(N0C)–NR2C9 channels,et al., 1996), the previously inaccessible positions
NR2C9(W28C) and NR2C9(N17C) became accessible persistent potentiation resulted, as observed afterexpo-
sure to MTSET (data not shown). However, a secondto extracellular MTSEA, which caused an inhibition of
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Figure 6. Effect of MTS Reagents on Cur-
rents Mediated by the N-Site Cysteine Mutant
of the NR1 Subunit
(A) and (B) Extracellular application of MTS
reagents to oocytes expressing NR1(NOC)–
NR2C9 channels produces transient potentia-
tion followed by persistent inhibition (MTSEA,
[A]) or persistent potentiation (MTSET, [B]).
(C) and (D) Whole-cell I–V relation before and
after extracellular application of MTSEA (C)
and MTSET (D).
MTSEA application strongly reduced the current. Hence, access, (3) the local chemical environment suppresses
ionization of the sulfhydryl.the brief initial potentiation after exposure to MTSEA
Most mutant subunits formed channels with func-mayreflect a transient condition where only one cysteine
tional properties similar to those of wild-type channels.is modified by MTSEA. Eventually, modification of two
Thus, we assume that the native amino acid present atNR1(N0C) subunits results in a strong reduction of the
an accessible position lines the lumen of the channelcurrent.
and that nonreactive positions are buried (Figure 7). Our
results demonstrate that in both NR1 and NR2 subunits,Discussion
the M2 segment is a major channel-forming structural
element of the NMDAR.Channel-Lining Residues of the M2 Segment
The accessibility of cysteine introduced at 50 individual Membrane Orientation of M2 and Location
positions comprising the entire M2 segment of the NR1 of N-Sites
subunit and a large part of the NR2C-subunit M2 seg- The accessibility pattern for MTSEA and MTSET both
ment was probed from the extracellular and cytoplasmic indicate that the N-site is accessible from the external
entrances of the channel with the two differently sized side, whereas some positions N-terminal and C-terminal
sulfhydryl-specific reagents, MTSEA and MTSET. Be- of the N-site are only accessible from the cytoplasmic
cause of the polarity of these reagents and their much side. However, the pattern is more clear-cut for the
greater rate of reaction with ionized thiolates than with larger MTSET, as cysteines introduced at the N-site were
nonionized thiols, we assume that they react predomi- accessible to MTSET only from the extracellular side,
nantly with cysteines at the water-accessible surface whereas cysteines located at positions flanking the
of the channel. Furthermore, for membrane-embedded N-site were accessible only from the cytoplasmic side
segments, we assume that the only water-accessible (Figure 7). This pattern is incompatible with M2 as a
surface is the lining of the water-filled channel. Thus, membrane-spanning segment but predicts a loop with
from the persistent effects of an MTS reagent on the the two limbs originating and ending at the cytoplasmic
glutamate-evoked current carried by a cysteine-substi- side, and the tip reaching into an extracellular vestibule.
tution mutant, we infer that the MTS reagent reacted The N-sites of both subunits are located at the tip of
with the substituted cysteine and that, therefore, the the loop and constitute the most externally exposed
cysteine sulfhydryl group is exposed in the channel lu- positions of the M2 segment (Figure 8). Consistent with
men (Akabas et al., 1992, 1994). Nonreactive positions this model is the result that positions NR2C9(W28C) and
are likely to be buried in the interior of the protein, partic- NR2C9(N17C) on either side of the tip, cytoplasmic to
ularly when adjacent positions are accessible to the the narrow constriction of the channel, became accessi-
reagents. However, they may beexposed but not modifi- ble to externally applied MTSEA and MTSET when coex-
able or may be modified without creating an effect. For pressed with an NR1-subunit mutant that increases the
example, positions may remain undetected that are lo- pore size from 0.55 nm to 0.75 nm (Wollmuth et al.,
cated in a region where (1) the diameter of the channel 1996). This strongly supports the idea that the M2 seg-
ment forms a loop and is in agreement with a recentlyis large, (2) its small size or steric hindrance prevents
NMDAR Channel Structure
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Figure 7. Exposed Residues of the M2 Segment in the NR1 and
NR2 Subunits
Binary representation of the results shown in Figures 4 and 5, as
calculated by a statistical test (see Experimental Procedures). Filled
circles indicate highly significant (p <0.01) persistent current alter-
ation after exposure to MTS reagents of a mutant position incompar-
ison with wild type and represent amino acid positions exposed to
the channel lumen. The filled square denotes a position indirectly
inferred to be exposed (see Results). Crossed circles denote weakly
Figure 8. The M2 Segments of the NR1 and NR2 Subunits Depictedexpressing mutants that were not examined from the cytoplasmic
as Channel-Lining Loopsside of the membrane. Asterisks indicate positions that appear ac-
cessible when probed from the external side in the absence of Cartoon of the M2 segment showing a possiblestructural interpreta-
agonist (data not shown; see Discussion). The shaded area denotes tion of the data presented in Figure 7. The center axis of the channel
the M2 segment. The N-site and positions conserved between the is indicated by a dotted line. Amino acids at positions pointing
subunits are printed in boldface.The positions are numbered relative toward this line are exposed to the lumen of the channel. Upward
to the N-site. Amino acids are shown in the one letter code. pointing triangles represent positions accessible only from the ex-
tracellular side, whereas downward pointing triangles denote posi-
tions that are only accessible from the cytoplasmic side. Positions
proposed topological model of glutamate receptor accessible to both reagents are shaded whereas those that are only
channels (Hollmann et al., 1994; Wo and Oswald, 1994; accessible to MTSEA are shownas open symbols. Diamonds denote
Bennett and Dingledine, 1995; Wood et al., 1995). positions that are accessible to MTSEA from both entrances of
the channel. Residues printed in boldface denote positions where
cysteine substitution induced a change in function. The horizontalSecondary Structure of M2
line crossing the pore indicates the narrow constriction, which mightThe pattern of exposed residues N-terminal to the N-site
be located approximately in the middle of the membrane. This would
in the NR1 subunit is compatible with an a-helical con- predict that additional domains are required to form the external
formation aligning exposed residues on one side of the vestibule of the channel. The a-helix of the ascending limb extends
helix. No regular secondary structure is indicated by the from NR1(E218) to NR1(N0), where it kinks to form an extended
structure.accessibility pattern C-terminal to the N-site in either
subunit, and hence, this portion of M2 may form an
extended structure or random coil. The functionally criti-
cal N-site could delineate a transition between the heli- (position 0) or from the cytoplasmic side (position 12).
Hence, the channel constriction is formed by residuescal and the extended parts of M2. Although accessibilit-
ies were probed in the presence of glutamate and located at the positions 0–2 (Figure 8).This interpretation
is in agreement with results obtained from reversal po-glycine, thechannels were also closed during their expo-
sure to the MTS reagents. Thus, it cannot be ruled out tential measurements where organic cations of different
sizes were used to map the diameter of the constrictionthat the pattern of exposed residues described here
arises from multiple open and closed states of the in wild-type and mutant channels (Wollmuth et al., 1996).
By this approach, asparagine residues at the NR1(0) andchannel.
NR2(11) positions were identified as the major determi-
nants of the channel constriction. In addition to theseSelectivity Filter
The 11 position of the NR1 and NR2 subunit is not asparagines, two residues adjacent to the NR2(11) posi-
tion, an asparagine at position NR1(0) and a serine ataccessible to the impermeant MTSET, but several flank-
ing positions are accessible either from the extracellular position NR2(12), are exposed in the lumen, consistent
Neuron
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with their previously inferred roles in Mg21 block and The most significant difference is observed for the 11
and 17 positions, which are exposed in the NR2 subunitpermeability of organic cations (Burnashev et al., 1992;
but not in the NR1 subunit. Both positions host aspara-Wollmuth et al., 1996). Thus, a cluster of hydrophilic
gine, an amino acid with a hydrophilic side chain thatamino acid residues of the M2 segment forms the func-
might interact with permeating cations. Interestingly, thetionally critical selectivity filter (Figure 8). The only other
NR2(N11) position is a major determinant of externalpolarand exposed residues of theM2 segment identified
Mg21 block (L. P. W. and T.K., unpublished data), consis-here are the serine at the NR1(212) position and the
tent with the observation that of all NR2-subunit cysteineasparagine at the NR2(17) position.
substitutes, this mutant most markedly reduces the
block by extracellular Mg21. No functional role has been
Positions Accessible to MTSEA from Both
ascribed to the NR2(N17) position, and it might be a
Entrances of the Channel candidate for the interaction with internal Mg21 (Johnson
MTSEA had access to cysteines at the N-site and to and Ascher, 1990).
positions in the C-terminal vicinity of the N-site from In addition to these differences, the N-sites of the NR1
both entrances of the channel, whereas MTSET had and NR2 subunits are not equally well accessible to
access to positions either from one side or the other MTSET, suggesting that they are positioned differently.
(Figure 7). This might be related to the different size of For example, they might be staggered with respect to
the two reagents. Both are approximately 1 nm in length, the vertical axis of the channel, with NR1(N0) being
differing only at the charged head group, which mea- slightly offset in the cytoplasmic direction and the
sures 0.58 nm in MTSET (R–N[CH3]31) and 0.36 nm in NR2(N0) being positioned more externally (Figure 8).
MTSEA (R–NH31) (Akabas et al., 1992). The maximal di- This is supported by the result that coexpression of
ameter of the CH3-SO2S-CH2-CH2-R moiety common to NR1(N0C) with NR2C(N11Q), mutated in a position lo-
both compounds measures z0.48 nm. Although un- cated more cytoplasmic than position NR2(N0) and con-
known for NR1–NR2C channels, the NR1–NR2A channel ferring a reduced pore size, prevented reaction of
has a pore diameter of 0.55 nm (Villarroel et al., 1995; MTSET with the substituted cysteine at the N-site. Addi-
Wollmuth et al., 1996), large enough to accomodate tionally, mutations at the NR1(N0) position, but not at
MTSEA but not MTSET. Under biionic conditions NR2(N0), affect pore size (Wollmuth et al., 1996), consis-
(MTSEA/K1), an inward current was not detectable up tent with a staggered arrangement of these positions.
to 2120 mV, suggesting that MTSEA is essentially im- Calcium ions primarily interact with the N-site of NR1
permeant. However, a fraction of MTSEA at neutral pH subunits, whereas Mg21 interacts with the N-site of NR2
is in the form of an uncharged amine, which could per- subunits (Burnashev et al.,1992). An unequal positioning
meate the lipid bilayer, bypassing the channel, or which of the N-site asparagines may partly explain their differ-
might pass through the channel without generating cur- ent functional significance.
rent. This isunlikely to account for thepattern of reaction
Experimental Proceduresof MTSEA, since several exposed positions N-terminal
and C-terminal to the N-site were not accessible to ex-
Materialstracellular MTSEA. Hence, permeation of MTSEA, in its
MTS reagents were synthesized by the procedures of Stauffer and
charged or uncharged form, is unlikely to account for the Karlin (1994), obtained from BASF AG (Ludwigshafen, Federal Re-
two-sided accessibility observed for several positions. public of Germany) orpurchased from Toronto Research Chemicals,
Incorporated (Ontario, Canada). Enzymes were from BoehringerHowever, three alternative explanations might be con-
Mannheim GmbH (Mannheim, Federal Republic of Germany), Newsidered: first, because of its smaller size, MTSEA may
England Biolabs GmbH (Schwalbach, FederalRepublic of Germany),reach positions immediately adjacent to the narrow con-
Stratagene GmbH (Heidelberg, Federal Republic of Germany), or
striction from both entrances of the channel, without Promega, Incorporated (Madison, WI, USA). All other chemicals
permeating it; second, in the presence of glutamate, were either from Merck (Darmstadt, Federal Republic of Germany)
or Sigma Chemicals (St. Louis, MO, USA).both the open and closed state of the channel were
sampled, and some positions might be exposed to the
Molecular Biologyexternal side when the channel is closed (see Figure 7,
All experiments were performed with previously described expres-
positions marked with an asterisk); and third, extended sion constructs for NMDAR subunits (Kuner and Schoepfer, 1996;
loop structures could be flexible and may acquire differ- Wollmuth et al., 1996). In the NR1 subunit, two silent restriction
sites (NsiI and ApaI) flanking the M2 region were introduced byent conformations. For example, part of the extended
polymerase chain reaction–based methods (Ausubel et al., 1995).structure could form a blade of an iris with the side
A 72 bp fragment derived from a pair of mutually priming oligonucle-chains exposed either extracellularly or cytoplasmically
otides, one of which contained the mutated nucleotide positions,
(Sun et al., 1996). Also, the entire loop or parts of it may was annealed, extended with Klenow enzyme (Boehringer Mann-
move, possibly in a voltage-dependent manner, in the heim), digested with restriction enzymes NsiI and ApaI (New England
vertical axis of the channel relative to adjacent subunits. Biolabs), and ligated into the appropriate vector. Mutant positions
580–583 and 604–611 of the NR1 subunit and NR2C-subunit mutantsThereby, cytoplasmic residues might be translocated
were generated by PCR using Pfu DNA polymerase (Stratagene).closer to the narrow constriction, allowing MTSEA, but
All constructs were sequenced over the entire length of the replaced
not the larger MTSET, to react with the cysteine. fragment. Capped cRNAs were transcribed with SP6 polymerase
(Promega) and injected into Xenopus laevis oocytes as described
(Kuner and Schoepfer, 1996).Structural Asymmetry between NR1
and NR2 Subunits Electrophysiology
The M2 segments of the NR1 and NR2C subunits show Whole-cell recordings were carried out on a two-microelectrode
voltage-clamp system (TEC 01/2C, npi electronic GmbH, Tamm,similar but not identical patterns of exposed residues.
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Federal Republic of Germany) modified for automatic execution of 6. Permeability of MTSEA
NR1–NR2CM1 channels were expressed in HEK 293 cells. The pipetteexperimental protocols and solution exchange (Kuner and
solution consisted of 100 mM KCl, 10 mM HEPES, and 10 mMSchoepfer, 1996). To reduce contamination by Ca21-induced Cl2
BAPTA titrated to pH 7.2 with KOH. The external solution consistedcurrents, we used a low Ca21 Ringer’s solution containing 0.18 mM
of 100 mM MTSEA–Br and 10 mM HEPES adjusted with N-methyl-CaCl2, 115 mM NaCl, 2.5 mM KCl, and 10 mM HEPES, adjusted to
D-glucamine to pH 7.2. Voltage steps were applied from 2120 mVpH 7.5 with NaOH. Under these conditions a slight drift of the base-
to 150 mV to determine the reversal potential.line was observed often, which may reflect the activation of an
7. Statistical Analysisendogenous cation channel (Arellano et al., 1995). The leakage-
One-way analysis of variance (ANOVA) was performed for each ofcurrent was in the range of 50 nA–500 nA and increased in most
the four different experimental groups (extracellular MTSEA, extra-cases less than 5 nA min21. Experiments showing a stronger drift
cellular MTSET, cytoplasmic MTSEA, and cytoplasmic MTSET), andwere analyzed only when the glutamate-evoked current was at least
significance levels were calculated with the Newman-Keuls multipleten times larger than the leak current. All drugs were applied with
comparison test using the GB-STAT software (Dynamic Microsys-the bath solution.
tems, MD, USA).Currents in oocyte giant inside–out patches (Hilgemann, 1995)
were recorded with the patch clamp technique (Hamill et al., 1981).
Variants of the NR2C Subunit (NR2C9)Pipettes were pulled from borosilicate glass and had resistances of
For measurements on mutant channels in inside–out patches, high300 kV–500 kV in symmetrical K1 solution. Current was measured
current expression levels were required (>2 mA whole-cell at 250using an EPC-9 with PULSE software (HEKA electronics GmbH,
mV). Channels assembled from the NR1 subunit and NR2C wildLambrecht, Federal Republic of Germany), low-pass filtered at 100
type or mutants based on it, generated average whole-cell currentHz and digitized at 500 Hz. Solutions were applied using a Piezo-
responses that were only in the range of 0.1 mA–1.5 mA. To obtaindriven double-barrel application system (Colquhoun et al., 1992).
larger current responses, we used a modified version of the NR2CSymmetrical K1 solution containing 100 mM KCl, 10 mM HEPES,
subunit, which carries the M1 segment of the NR2A subunit and10 mM EGTA (external), or 10 mM EDTA (internal), pH adjusted to
lacks 275 amino acids of the C-terminus (NR2CM1) (Figure 1). This7.2 with KOH, was used for patch experiments.
NR2CM1 chimeric subunit yielded up to ten-fold larger currents thanMTS reagents were added to the solution at 0.5 mM–2.5 mM
wild-type NR2C when coexpressed with the NR1 subunit (Kuner(MTSEA) and 1 mM–2 mM (MTSET). Solutions were either prepared
and Schoepfer, 1996). External MTSEA had no persistent effectimmediately before the experiment, kept on ice (<2 hr), or stored at
on NR1–NR2CM1 channels (2% 6 12% [n 5 5]). Truncation of the
2708C (<2 days) and thawed immediately before use. All experi-
C-terminal 275 amino acids is unlikely to change the structure ofments were carried out at room temperature (198C–238C).
the narrow region since single-channel properties (Schoepfer et al.,
1994, Soc. Neurosci., abstract) and Mg21 block (Kuner andExperimental Protocols and Data Analysis
Schoepfer, 1996) of the short version of NR2C are identical to full-1. Probing Cysteine-Substitution Mutants
length NR2C.
from the Extracellular Side
Whole-cell experiments (extracellular application of MTS re-
Oocytes were held at 250 mV and the baseline current amplitude agents) were made with constructs based on the NR2C wild-type
(Ipre) was established by three consecutive applications of glutamate subunit. Patch recordings (cytoplasmic application of MTS re-
(100 mM) and glycine (10 mM) for 40 s. Immediately after the third
agents) were done with constructs derived from the NR2CM1 variant.
application, solution was switched to solution containing MTS re- Positions accessible from the cytoplasmic side were also tested
agents for 120 s in the continued presence of glutamate and glycine. from the extracellular side using the NR2CM1 variant and yielded
After exposure to MTS reagents, the current amplitude (Ipost) was identical results to wild type–based constructs. Results obtained
determined with three to five agonist applications. Individual appli- from different variants were pooled for further analysis.
cations were separated by 180 s wash. Currents before and after For technical reasons, mutants F592C to E599C of the NR2C
application of the reagents were averaged and percent inhibition subunit were originally generated in the NR2A subunit and a SpeI–
calculated as %inh 5 (1 2 Ipost/Ipre)*100. Current amplitudes were XcmI cassette was cloned into the NR2C subunit. As a result, three
corrected for rundown when appropriate. amino acid positions of the NR2C wild type were replaced by the
2. Probing Cysteine-Substitution Mutants homologous amino acid residues of the NR2A subunit (I598V,
from the Cytoplasmic Side E599Q, and R602K). NR1–NR2CVQK channels were not persistently
Glutamate (100 mM) and glycine (10 mM) were present in the pipette, inhibited by MTSEA (0.9% 6 4% [n 5 8]). The other NR2C-subunit
and voltage ramps were applied from 2110 mV–110 mV (within 2 mutants (W585 to V591 and N600 to R602) were generated in the
s). The leak currents were in the range of 20 pA–50 pA at 100 mV (≈2 background of NR2C wild type. All mutants of the NR2C subunit
GV–5GV seal resistance) as determined from patches containing no were cloned into the NR2CM1 background.
channels or after complete block of the current by MTS reagents.
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